SPICE is a widely used simulation tool for electrical circuits and systems. By incorporating optoelectronic elements such as lasers, detectors, modulators, etc., and optical elements such as lenses, gratings, beam splitters, etc., into SPICE, optoelectronic system simulation can be combined with that of electronic systems facilitating hybrid system design and analysis. We discuss an optoelectronic SPICE implementation that includes time, power, and wavelength domain behaviors. Examples of optical component simulation and optical interconnect system simulation using SPICE are included and compared with the results from a conventional raytrace optical analysis tool.
Introduction
Recent progress in many optical and optoelectronic device technologies has made possible the insertion of these advanced devices into high performance systems. Such insertion will ideally demonstrate both performance and cost bene ts in some critical application area of commercial interest. A signi cant impediment to the insertion of optics into commercial systems relates to the relative immaturity of optical technologies and the associated prohibitively high cost as compared with competing electronic solutions. It is expected that this cost will continue to decline with advances in manufacturing and packaging techniques; however, another signi cant limitation to the insertion of optical technologies will remain. This limitation is related to the lack of a uni ed simulation environment for hybrid optical and electronic systems, and to the relative lack of familiarity the electrical system designer has with optical and optoelectronic components.
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While there are a variety of sophisticated electrical design and simulation engines as well as a wide variety of optical computer-aided-design (CAD) packages, no integrated, hybrid optoelectronic CAD tool yet exists.
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In this paper we describe the use of the widely utilized SPICE electrical simulation engine, to facilitate the design and analysis of systems containing both optical and electrical elements. 10 A feature common to all near-term commercial optoelectronic (OE) insertions is the need for each optical sub-system to operate within an overall system of electrical components. The need to model such hybrid systems and to make both electrical and optical components available to the system engineer at an early stage of the overall design is clear.
Owing in part to the popularity of SPICE as an electrical simulation tool, we have chosen to create optical and optoelectronic capabilities within the SPICE environment. There are three major reasons that SPICE can o er a natural framework within which to create such a hybrid OE simulation tool. (1) SPICE is a mature electrical simulation engine that is familiar to many electrical and system engineers. This characteristic will facilitate its use as an OE tool and makes possible end-to-end system design and simulation for hybrid OE systems. (2) A number of OE interface component models have already been developed within the SPICE framework. Laser diodes, multiple-quantum-well modulators, and p-i-n detectors are among those elements whose SPICE models have already been reported elsewhere. The methodology used to cast optical and OE components into the SPICE environment involves producing models for these components that utilize currents and voltages to play the roles of all necessary time and space variables. SPICE is used as both a physical modeling engine as well as a ray-trace simulation engine. In this paper we describe a methodology for realizing optical and OE components in SPICE. These novel components appear as modules that can be easily integrated with each other and with electrical circuit elements. The accuracy of SPICE based component simulations are established via comparison with results obtained from commercial ray-trace optical design software. In order to demonstrate the utility of the SPICE environment in carrying out hybrid optical/electrical system analysis, we demonstrate a simple multi-channel optical interconnect system simulation. This hybrid system incorporates electrical laser drivers and the associated electrical package, laser diodes, multichannel free space propagation, lenses, gratings, apertures, and detectors.
Optical Component Models
Electrical circuits are conveniently described using instantaneous representations of the currents and voltages present at various circuit nodes. An arbitrary circuit will be characterized by some set of di erential equations that can be iteratively solved to yield the desired node currents and voltages. Within such a framework it is di cult to characterize space-domain phenomena such as the evolution of electric and magnetic elds at any cross-section of a transmission line. This type of problem has become important within the electrical packaging community and there now exist methods for analyzing such space-and time-domain structures to yield e ective lumped circuit models for use within conventional circuit simulators.
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We have recently used such an approach to study the e ects of electrical packaging technologies on the performance of laser diode based source modules within an optical interconnect environment. 21 It was possible to model laser diode driver circuits, the detailed laser diode carrier and photon dynamics, photo-diode OE conversion, and the associated receiver circuits using SPICE. This previous work was made easier by the serial nature of the OE components studied. The challenge remains to utilize the essentially serial simulation engine of SPICE to represent the three dimensional space and time behavior of the broader class of OE components; therefore, a methodology is required for representing the space-domain physics of optical beam propagation in the time-domain simulation environment of SPICE. Since the wavelength dependence of optical elements together with the time dependent wavelength characteristic of directly modulated laser diodes e ectively couples the time and space domains, separate time and space simulations are not suited to this application. We have chosen therefore to utilize SPICE as a time-domain ray-trace simulator for optical components. A dual-time-scale technique has been utilized to embed the space-domain within each iteration of the time-based simulation. An alternate formulation in which the time-domain behavior is embedded within each space-domain iteration (i.e., for each ray) can also be used; however, some post-processing is required in this case to fuse the resulting data arrays.
An arbitrary optical component within our simulation paradigm can be represented by an input-output relationship for each of the six variables: optical power (P ), ray position (x; y; z), ray angle ( ) and wavelength . All of these variables are carried by the simulator as functions of time along with a simple binary variable indicating the presence or absence of a ray (ON = 1 or 0). The e orts described in this paper utilize only two of the three spatial dimensions. The variable y is used to represent position in the transverse plane and z indicates position along the direction of propagation. Additional optical and optoelectronic components can be easily de ned and added by the user according to the interface standards de ned here. It is important to create OE component models that are modular so that these may be easily inserted within existing electrical or OE system simulations. For our SPICE based OE models each component comprises ve simulation elements labeled input, control, calculation, output, and ray-trace as shown in gure 1. Such a model utilizes physical parameters (control inputs) to specify the device con guration and operates on the input vector (R in ) within the calculation unit to produce an output vector (R out ) that is a function of time. The additional ray-trace unit is responsible for producing output data for visualization purposes.
We have described what is essentially a ray-trace simulator in which a particular ray can carry power and wavelength as instantaneous functions of time so that loss, dispersion, nonlinearity, etc., can be included within the simulated system behavior. The extension to an additional spatial dimension (i.e., x in the transverse plane) and the inclusion of polarization state to the input vector R in , will facilitate the realization of additional simulation capabilities such as birefringence, optical activity, astigmatism, etc.
An example of a simple SPICE model for free-space propagation is shown in gure 2. Node c of switch sw9 represents the ray position at the input plane. If ON in , the voltage at node f is larger than the voltage at node g then node a is connected with node c to allow the input position to pass through; otherwise, node c is connected to a global node which records the terminal position of the ray. This is a fairly complicated mechanism in order to realize simple free-space propagation. However, with a few simple modi cations to the calculations of P out and out , we can also realize Gaussian beam propagation, a Lambertian beam, etc.
Another important optical component for use within our simulation environment is the spherical surface model. Figure 3 
The value is found using voltage source vs3, where > 0 indicates that the incident ray intersects the surface. The switch sw1 is a modi cation of switch sw7 used in the free-space module to include as a control node. When y in falls into the aperture and > 0, node a is connected with node c. Snell's law is used to relate the incident ( ) and 
out (vs7) = in n 1 n 2 ; 
whose outputs are then connected to node a of switch sw1.
This spherical surface component is an important element for OE system simulation since two such elements in combination with a simple free-space element can be used to construct a thick singlet lens. This capability points to the importance of creating modular OE component models. Figure 4 presents the results of a SPICE-based optical ray-trace utilizing a thick singlet lens that was formed as indicated above. The SPICE singlet models can be further combined to form SPICE doublet models.
Such doublets demonstrate the expected reduction in aberration when analyzed with our SPICE simulation engine and a representation of this improvement is shown in gure 6.
This doublet has a 0.25 mm aperture, refractive indices of 1.560 and 1.708, a thickness of 0.15+0.05 mm, and surface radii of 0.3232, -0.2266, and -0.6965 mm. The paraxial focal point is at 1.0986 mm and the marginal focal length is 1.0822 mm while they are predicted as 1.0978 mm and 1.0828 mm respectively by the ZEMAX lens design program re ecting a small 0.2% di erence.
Although these individual component simulations capture no time dependence, they do represent the detailed optical ray-trace capability required to represent the aberration limited performance of many optical systems. Additional component models have been produced in order to create a SPICE library of optical and OE elements. Table 1 presents a complete list of these SPICE models.
Whenever possible lumped circuit models of OE elements were used, and these were frequently taken from the literature to insure consistency with other simulation e orts. For example, the laser diode components found in our library include Tucker's model 11, 12 while the multiple-quantum-well modulator model has been previously described by Lentine, et.al. 13 It is to our knowledge however, the rst time lumped circuit representations for lenses, gratings, etc., have been developed and placed in a uni ed SPICE simulation environment. 23 
Interconnect System Simulation
It is straightforward to combine various of the components listed in table 1 to form arbitrary optical system models. In this section we will describe the results of a simple multichannel optical interconnect system simulated in SPICE. The results from these simulations are not intended to represent novel interconnect system architecture or performance, but rather are intended to exemplify the type of system level analysis that is facilitated using the SPICE OE component models. A simple two channel point-topoint optical interconnect architecture is shown in gure 7. This schematic is intended to represent two channels in a potentially highly parallel point-to-point scheme. The interconnect system comprises three major elements: a source module that is responsible for signal conditioning and EO conversion, an interconnect module that is responsible for optical routing, and a detector module that is responsible for OE conversion and logic level production. Figure 8 shows schematically, the netlist of such a system modeled using our SPICE OE tool. The electrical, optical, and optoelectronic components are included within such a system level simulation. Similar to their electrical counterparts, the optical and optoelectronic components are connected between nodes as modules to form an optoelectronic \circuit" in the SPICE simulation environment.
It should be pointed out that the source module is often a Si-GaAs hybrid since the electrical driving signals are frequently obtained from conventional silicon VLSI circuits while the EO conversion itself (i.e. via laser diodes or modulators) must be realized in some alternate technology. Early in the evolution of the SPICE OE simulation paradigm described here, it became obvious that the high current requirements of commercial laser diode arrays will introduced important electrical-package-limited e ects within such hybrid implementations. These e ects have been detailed elsewhere and are summarized here for completeness. 21 As shown in gure 7 and gure 8, the source module comprises a CMOS driver in Si, a laser diode array in GaAs, and an electrical package. We considered two driver circuits, two laser diodes, and three electrical package types. Push-pull and current sink drivers were used to study driver switching noise. Two laser diodes whose characteristics were taken from the literature and modeled using Tucker's model are used to study impacts of low (Ld#1) and high (Ld#2) laser diode threshold currents. 11, 12 RLC lumped circuit models extracted from transmission line analysis are used to simulate distortion, loss, and crosstalk e ects of printed wiring board (PWB), tape automated bonding (TAB), and ip-chip bonding (C4) packages. In particular, we con- wavelength chirp, and signal delity are used. SPICE is used to determine the e ects of laser diode threshold current, bias condition, and driving current level with respect to these metrics. Examples of simulated source module output are shown in gure 9.
As shown in gure 9 (a), we send the data sequence 101 to the laser diode through the middle channel using a return-to-zero scheme. The data sequence 110 with a quarter period delay is sent through the two adjacent channels. Di erent delay time (0.31 nsec and 0.24 nsec) comprising laser turn-on delay and package parasitic delay manifest themselves under di erent operating conditions. Laser ringing noise is observed after the transition from low to high state, which also causes wavelength chirping resulting from the band-gap lling e ect. Within all the ve graphs in gure 9, di erent amounts of cross-talk noise are observed in the zero state for di erent operating conditions and source module con gurations. The bias below threshold scheme has no cross-talk noise though it su ers from longer turn-on delay. Laser ringing noise is more obvious for Ld#1 than Ld#2 because Ld#1 has a longer photon lifetime. Since we delay the adjacent channel 110 signals for a quarter period, switching noise is observed in gure 9 (d) around 2.5 nsec. While the other channels are switching, larger currents are drawn from the current sink driver so that less current is available for the middle channel. Therefore, the middle channel laser diode has lower optical output power. Push-pull drivers eliminate this switching noise by maintaining constant current through the laser diodes while the cross-talk noise become dominant as shown in gure 9 (e) which appears as a dip in the rst high state. Signal distortion due to package parasitics is observed in the second high state of gure 9 (d) and (e). Table 2 summarizes the source module study and shows the acceptable optical output power ranges for di erent source module con gurations under two bias current of the laser diode, four operating speeds of the driver, and two low-pass ltered cases to simulate nite frequency response of the optical detector. We use signal to error ratio (SER) to measure the signal delity:
where SER] is the signal to error ratio, P out (t) and P ideal (t) are actual and ideal optical output powers respectively, and T is the data period. From table 2, it is found that under appropriate operating conditions, PWB can achieve acceptable noise (SER 3), power dissipation ( 1W/chip), and latency ( 0.25T) performance for data rates up to 500MHz while ip-chip bonding is required to exceed data rates of 800MHz for the cases studied. More information could be found in reference 21], here it is important that SPICE-based source module simulation produces time varying power and wavelength for use in over all OE system simulation.
The source module described above produces two voltage signals representing the instantaneous optical power (P (t)) and wavelength ( (t)) associated with the output of the driver/package/diode combination. The interconnect module must therefore begin with a beam forming element that converts the time-domain laser output into a space/timedomain representation. We have designed a number of beam-forming components (see table 1 ), each of which can produce a time-multiplexed set of rays carrying the appropriate angular distribution of optical power. The total optical power is in turn time-varying in accordance with the laser output signal P(t). For the simulations described below, a Gaussian beam power distribution is used over a user speci ed nite aperture. The output of the beam forming element serves as the input to a free space element that in turn provides input to the collimating lens as shown in gure 7. The collimated signal is once again propagated through free space and is directed by the gratings shown, so as to arrive at the appropriate destination lenslets. These collection lenses focus the received ray bundle onto a simple detector element. In these simulations the detected light is used directly without any receiver electronics to measure the signal and noise powers at the optical interconnect outputs.
This simple interconnect system can su er from inter-channel crosstalk. A number of phenomena including imperfect collimation, misalignment, wavelength shift, etc., can cause light intended for one detector to be incident on the other, thus representing a source of loss and noise. The strength of both the signal and the crosstalk noise depend on many optical system variables including the interconnect distance (d), the detector size (w), and the detector spacing (s). The results shown in gure 10 demonstrate how the SPICE based OE simulation engine can be used to conduct a system level study over these variables. These results were produced for an interconnect system utilizing the simple singlet lenses described in section 2 with an aperture of 0.2 mm. The detector spacing was xed in our simulations to be equal to the lens spacing (s = 0:25 mm) and only the top channel (channel 1) in gure 7 is activated and uses the source module with push-pull driver, ip-chip bonding, and Ld#1 biased above threshold with 1 mW on state output power operated at 250 MHz to include all relevant time, space, power, and wavelength phenomenon. As shown in gure 10(a), the light originating from channel 1 spreads out at the detector plane giving rise to signal loss and inter-channel crosstalk.
Summing up the total power of rays falling on each of the two detectors, we obtain the total signal (channel 1) and noise (channel 2) powers shown in gure 10(b). From the graph of gure 10(c) we can see that as interconnect distance increases, lower SNR results. This is because both decreased signal and increased crosstalk noise result from an increase in d. We can also see that a small detector aperture is e ective at reducing crosstalk noise for small d; however, for large d the associated loss in signal becomes prohibitive. The poor collimating performance of simple singlet lenses was shown in gure 4, and this limitation is responsible for the very large crosstalk signals represented by the data in gure 10. When the interconnect system of gure 7 is implemented using the doublet lenses described in section 2, the improvement in collimation is su cient to yield essentially zero crosstalk over the range of distances studied.
Grating Spectrometer
A signi cant characteristic of the SPICE OE simulation paradigm is its ability to represent both the time-and space-domain behavior of complete hybrid optical/electrical systems.
This characteristic is especially important when the time-domain behavior is coupled to the space-domain behavior. Such a case arises within the optical interconnect system described in the previous section owing to the wavelength chirp that is characteristic of driving semiconductor laser diodes with large current pulses. This wavelength chirp was depicted in section 3 and has a relatively small value. Because the magnitude of the chirp was small and the distance scale of the optical interconnect remained below a few centimeters, the wavelength dependent di raction angle did not manifest itself in the results of the previous section. In this section we have constructed a simple SPICE simulation of a grating spectrometer with a long enough baseline to make these e ects measurable. Both the time varying power and wavelength are included in this simulation. )). If we were using 50 cm free space optical interconnect (i.e. d=50 cm in gure 7), the wavelength chirping will introduce di erent levels of cross talk noise given detector size and source module operation condition (e.g. optical output power). This example shows that the SPICE OE tool is capable of simulating such intimate connections among optical and electronic variables and further optical/electronic design trade-o can be studied within this uni ed CAD environment.
Discussions and Conclusions
An ideal opto-electronic CAD tool should possess the following characteristics: (1) an uni ed OE simulation ability that is suited to complicated hybrid OE systems, (2) the use of modular components, (3) the easy incorporation of new models with varying levels of complexity, (4) a user-friendly interface, and (5) user-selectable complexity to trade-o between simulation accuracy and/or simulation speed.
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Our SPICE OE tool is capable of simulating the sophisticated interaction between optical and electronic elements and complies with the modular component requirement listed above. This facilitates the simulation of OE system level performance. The scaling of the proposed OE simulation complexity is no di erent than that of typical SPICE-based VLSI circuit simulations because we model optical elements as if they were electrical components. This scaling can of course, prove to be an unacceptable computational burden in the case of large system simulations and several options are available to combat this growth in complexity. These methods allow the construction of SPICE models with user-selectable simulation speed and accuracy. For example, equivalent lumped circuit models were used in this paper to simulate the complex electromagnetic interactions associated with electric packaging e ects. This method uses o -line simulation of the relevant physics to produce a passive electrical approximation (i.e., RLC), that is accurate within a certain range of input variables. A similar procedure could be used with OE components. This method fuses naturally with the original SPICE engine; however, the resulting system netlist can become long for complicated multichannel systems. Alternately, the model creation ability found in a number of SPICE simulation engines allows user-de ned models by incorporating auxiliary C-program subroutines. Such a facility can simplify the resulting netlist and improve simulation speed. Table- based SPICE simulation using component performance look-up tables is yet another option facilitating the incorporation of complicated physical models. A natural extension of the SPICE OE tools described here will involve completing the generic SPICE OE component model shown in gure 1 with the addition of the third spatial dimension, a polarization input/output variable, and an optional feedback port to include the e ects of re ecting and scattered light. The model library should also be expanded to include additional optical elements with user-de ned complexity levels.
The integration of optical ray-tracing techniques into the SPICE simulation environment will o er the system engineer a new set of design tools with which to conceive hybrid optical/electronic systems. A modular approach has been described in which familiar electrical components can be integrated with optical and OE components in a hybrid optical/electrical simulation. The power and familiarity of the SPICE simulation tool are important motivations for the inclusion of optical modeling capabilities since a signi cant deterrent to the use of optics in many applications is the relative lack of familiarity tradition electrical systems designers have with optical components and their capabilities/limitations. In addition to serving as an accelerator to technology insertion, such an integrated optical/electrical simulation environment may facilitate the hybrid optimization of optical and electrical variables in sophisticated optoelectronic systems. Such a capability will ultimately yield improved performance and reduced cost for many OE solutions. Table Captions:   Table 1 List of SPICE optical element models. Table 2 Summary of source module study: the required ltered optical output power range (P out ) to ful ll 1 W/chip, 0.25 latency, and ltered SER=3 requirements for di erent source module con gurations and operating conditions. Two channel point-to-point optical interconnect architecture simulated in SPICE with source module comprising driver, diode and package. Figure 8 Netlist of the two channel point-to-point optical interconnect architecture using SPICE OE simulation tool. Figure 9 Optical output power waveforms for various source module con gurations operated at 500MHz data rate and two bias conditions (bias above and below threshold are indicated as bias=1 and bias=0 respectively) (a) current-sink driver, PWB package, Ld#2, (b) current-sink driver, TAB package, Ld#1, (c) push-pull driver, TAB package, Ld#1, (d) current-sink driver, TAB package, Ld#2, and (e) push-pull driver, TAB package, Ld#2. : Optical output power waveforms for various source module con gurations operated at 500MHz data rate and two bias conditions (bias above and below threshold are indicated as bias=1 and bias=0 respectively) (a) current-sink driver, PWB package, Ld#2. Crosstalk noise Figure 9 : Optical output power waveforms for various source module con gurations operated at 500MHz data rate and two bias conditions (bias above and below threshold are indicated as bias=1 and bias=0 respectively) (b) current-sink driver, TAB package, Ld#1 (c) push-pull driver, TAB package, Ld#1 (d) current-sink driver, TAB package, Ld#2 (e) push-pull driver, TAB package, Ld#2. 
